We use the open kicked rotator to model the chaotic scattering in a ballistic quantum dot coupled by two point contacts to electron reservoirs. By calculating the system-size-over-wave-length dependence of the shotnoise power we study the crossover from wave to particle dynamics. Both a fully quantum-mechanical and a semiclassical calculation are presented. We find numerically in both approaches that the noise power is reduced exponentially with the ratio of Ehrenfest time and dwell time, in agreement with analytical predictions.
I. INTRODUCTION
Noise plays a uniquely informative role in connection with the particle-wave duality.
1 This has been appreciated for light since Einstein's theory of photon noise. Recent theoretical 2-6 and experimental 7 works have used electronic shot noise in quantum dots to explore the crossover from particle to wave dynamics. Particle dynamics is deterministic and noiseless, while wave dynamics is stochastic and noisy. 8 The crossover is governed by the ratio of two time scales, one classical and one quantum. The classical time is the mean dwell time D of the electron in the quantum dot. The quantum time is the Ehrenfest time E , which is the time it takes a wave packet of minimal size to spread over the entire system. While D is independent of ប, the time E increases ϰln(1/ប) for chaotic dynamics. An exponential suppression ϰ exp(Ϫ E / D ) of the shot-noise power in the classical limit ប→0 ͑or equivalently, in the limit system-size-over-wavelength to infinity͒ was predicted by Agam, Aleiner, and Larkin.
2 A recent experiment by Oberholzer, Sukhorukov, and Schönenberger 7 fits this exponential function. However, the accuracy and range of the experimental data is not sufficient to distinguish this prediction from competing theories ͑notably the rational function predicted by Sukhorukov 9 for short-range impurity scattering͒.
Computer simulations would be an obvious way to test the theory in a controlled model ͑where one can be certain that there is no weak impurity scattering to complicate the interpretation͒. However, the exceedingly slow ͑logarithmic͒ growth of E with the ratio of system size over wave length has so far prevented a numerical test. Motivated by a recent successful computer simulation of the Ehrenfest-time dependent excitation gap in the superconducting proximity effect, 10 we use the same model of the open kicked rotator to search for the Ehrenfest-time dependence of the shot noise.
The reasoning behind this model is as follows. The physical system we seek to describe is a ballistic ͑clean͒ quantum dot in a two-dimensional electron gas, connected by two ballistic leads to electron reservoirs. While the phase space of this system is four dimensional, it can be reduced to two dimensions on a Poincaré surface of section. 11, 12 The open kicked rotator 10, [13] [14] [15] is a stroboscopic model with a twodimensional phase space that is computationally more trac- 
II. DESCRIPTION OF THE MODEL
We give a description of the open kicked rotator, both in quantum-mechanical and in classical terms.
A. Closed system
We begin with the closed system ͑without the leads͒. In this section we follow Refs. 16, 17 . The quantum kicked rotator has Hamiltonian
The variable (0,2) is the angular coordinate of a particle moving along a circle ͑with moment of inertia I 0 ), kicked periodically at time intervals 0 ͑with a strength ϰK cos ). To avoid a spurious breaking of time-reversal symmetry later on, when we open up the system, we represent the kicking by a symmetrized delta function: ␦ s (t) The eigenvalues exp(Ϫi m ) of F define the quasienergies m (0,2). The mean spacing 2/M of the quasienergies plays the role of the mean level spacing ␦ in the quantum dot. In coordinate representation the matrix elements of F are given by
The matrix product U † ⌸U can be evaluated in closed form, resulting in the manifestly symmetric expression
Classically, the stroboscopic time evolution of the kicked rotator is described by a map on the torus ͕x,p͉modulo 1͖.
The map relates x kϩ1 , p kϩ1 at time kϩ1 to x k , p k at time k:
The classical mechanics becomes fully chaotic for Kտ7, with Lyapunov exponent Ϸln(K/2). For smaller K the phase space is mixed, containing both regions of chaotic and of regular motion. We will restrict ourselves to the fully chaotic regime in this paper. For later use we give the monodromy matrix M (x k ,p k ), which describes the stretching by the map of an infinitesimal displacement ␦x k , ␦p k :
B. Open system
We now turn to a description of the open kicked rotator, following Refs. 10,15,18. To model a pair of N-mode ballistic leads, we impose open boundary conditions in a subspace of Hilbert space represented by the indices m n (␣) in coordinate representation. The subscript nϭ1,2, . . . ,N labels the modes and the superscript ␣ϭ1,2 labels the leads. A 2N ϫM projection matrix P describes the coupling to the ballistic leads. Its elements are
The matrices P and F together determine the quasienergy dependent scattering matrix
Using PP T ϭ1, Eq. ͑2.8͒ can be cast in the form
which is manifestly unitary. The symmetry of F ensures that S is also symmetric, as it should be in the presence of timereversal symmetry. By grouping together the N indices belonging to the same lead, the 2Nϫ2N matrix S can be decomposed into four sub-blocks containing the NϫN transmission and reflection matrices:
͑2.10͒
The Fano factor F follows from 19 
Fϭ
Tr tt
͑2.11͒
This concludes the description of the stroboscopic model studied in this paper. For completeness, we briefly mention how to extend the model to include a tunnel barrier in the leads.
To this end we replace Eq. ͑2.8͒ by
͑2.12͒
The 2NϫM coupling matrix K has elements
with ⌫ n (0,1) being the tunnel probability in mode n. Ballistic leads correspond to ⌫ n ϭ1 for all n. The scattering matrix ͑2.12͒ can equivalently be written in the form used conventionally in quantum chaotic scattering:
with WϭK(1ϩͱ1ϪK T K) Ϫ1 and A defined in Eq. ͑2.9͒.
III. QUANTUM-MECHANICAL CALCULATION
To calculate the transmission matrix from Eq. ͑2.8͒ we need to determine an NϫN submatrix of the inverse of an M ϫM matrix. The ratio M /2Nϭ D is the mean dwell time in the system in units of the kicking time 0 . This should be a large number, to avoid spurious effects from the stroboscopic description. For large M /N we have found it efficient to do the partial inversion by iteration. Each step of the it-eration requires a multiplication by F, which can be done efficiently with the help of the fast-Fourier-transform algorithm. 22, 23 We made sure that the iteration was fully converged ͑error estimate 0.1%͒. In comparison with a direct matrix inversion, the iterative calculation is much quicker: the time required scales ϰM 2 ln M rather than ϰM 3 . To study the quantum-to-classical crossover we reduce the quantum parameter h eff ϭ1/M by two orders of magnitude at fixed classical parameters D ϭM /2Nϭ5,10,30 and K ϭ7,14,21. ͑These three values of K correspond, respectively, to Lyapunov exponents ϭ1.3,1.9,2.4.͒ The left edge of the leads is at m/M ϭ0.1 and m/M ϭ0.8. Ensemble averages are taken by sampling ten random values of the quasienergy (0,2). We are interested in the semiclassical, large-N regime ͑typically NϾ10). The average transmission N Ϫ1 ͗Tr tt † ͘Ϸ1/2 is then insensitive to the value of h eff , since quantum corrections are of order 1/N and therefore relatively small. 21 The Fano factor ͑2.11͒, however, is seen to depend strongly on h eff , as shown in Fig. 1 . The line through the data points follows from the semiclassical theory of Ref.
5, as explained in the following section.
In Fig. 2 we have plotted the numerical data on a doublelogarithmic scale, to demonstrate that the suppression of shot noise observed in the simulation is indeed governed by the Ehrenfest time E . The functional dependence predicted for NϾͱM is
with c being a K-dependent coefficient of order unity. As shown in Fig. 2 , the data follows quite nicely the logarithmic scaling with N 2 /M ϭM /(2 D ) 2 predicted by Eq. ͑3.1͒. This corresponds to a scaling with w 2 /L F in a two-dimensional quantum dot ͑with F being the Fermi wave length and w and L the width of the point contacts and of the dot, respectively͒. We note that the same parametric scaling governs the quantum-to-classical crossover in the superconducting proximity effect. 10, 24 
IV. SEMICLASSICAL CALCULATION
To describe the data from our quantum-mechanical simulation we use the semiclassical approach of Ref. 5. To that end we first identify which points in the x, p phase space of lead 1 are transmitted to lead 2 and which are reflected back to lead 1. By iteration of the classical map ͑2.4͒ we arrive at phase-space portraits as shown in Fig. 3 ͑top panels͒. Points of different color ͑or gray scale͒ identify the initial conditions that are transmitted or reflected.
The transmitted and reflected points group together in nearly parallel, narrow bands. Each transmission or reflection band ͑labeled by an index j) supports noiseless scattering channels, provided its area A j in phase space is greater than h eff ϭ1/M . The total number N 0 of noiseless scattering channels is estimated by
with (x)ϭ0 if xϽ0 and (x)ϭ1 if xϾ0. In the classical limit M →ϱ one has N 0 ϭN, so all channels are noiseless and the Fano factor vanishes. 8 As argued in Ref. 5, the contribution to the Fano factor from the NϪN 0 noisy channels can be estimated as 1/4N per channel. In the quantum limit N 0 ϭ0 one then has the result Fϭ1/4 of random-matrix theory. 25 The prediction for the quantum-to-classical crossover of the Fano factor is 
Fϭ
with band density (A)ϭ͚ j ␦(AϪA j ). The quantum limit Fϭ1/4 follows from the total area ͐ 0 1 A(A) dAϭN/M . We have approximated the areas of the bands from the monodromy matrix ͑2.6͒, as detailed in the Appendix. The lower panels of Fig. 3 show the band density in the form of a histogram. The solid curves in Fig. 1 give the resulting Fano factor, according to Eq. ͑4.2͒.
V. SCATTERING STATES IN THE LEAD
To investigate further the correspondence between the quantum-mechanical and semiclassical descriptions we compare the quantum-mechanical eigenstates ͉U i ͘ of tЈ † tЈ with the classical transmission bands.
Phase-space portraits of eigenstates are given by the Husimi function
͑5.1͒
The state ͉m x ,m p ͘ is a Gaussian wave packet centered at x ϭm x /M , pϭm p /M . In position representation it reads
The summation over k ensures periodicity in m. The transmission bands typically support several modes, thus the eigenvalues T i are nearly degenerate at unity. We ͑5.3͒
As shown in Fig. 4 , this quantum-mechanical function indeed corresponds to a phase-space portrait of the classical transmission bands with area Ͼ1/M .
VI. CONCLUSION
We have presented compelling numerical evidence for the validity of the theory of the Ehrenfest-time dependent suppression of shot noise in a ballistic chaotic system.
2,5 The key prediction 2 of an exponential suppression of the noise power with the ratio E / D of Ehrenfest time and dwell time is observed over two orders of magnitude in the simulation. We have also tested the semiclassical theory proposed recently, 5 and find that it describes the fully quantum mechanical data quite well. It would be of interest to extend the simulations to mixed chaotic/regular dynamics and to systems which exhibit localization.
